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ABSTRACT: Wetting of hydrophobic membranes is considered to be one of the
major limitations that must be overcome to further the development of membrane
distillation technology. Low surface tension liquids can induce wetting, which can
signiﬁcantly aﬀect permeate conductivity after the complete wetting of the
membrane pores. In this study, a thin conductive hydrophobic polyaniline (PANI)
layer was sandwiched between two nonconductive polyvinylidene ﬂuoride
(PVDF) layers by the phase inversion method. The surface of this PANI-PVDF
membrane was then electrosprayed with polytetraﬂuoroethylene to impart
superhydrophobicity (water contact angle, ∼160°). Finally, the wetting of
membranes was monitored and detected during direct contact membrane
distillation of a low surface tension saline feed containing sodium dodecyl sulfate
by electrochemical impedance spectroscopy. Compared with measuring
conductivity of the permeate side, we found that measuring the cross-membrane
impedance at a constant frequency (100 kHz) demonstrated more precise
detection and a superior ability in distinguishing diﬀerent stages of wetting and their intrusion. Further, our experiments
demonstrated the possible strategies to elude membrane wetting by ﬂushing distilled water periodically.
KEYWORDS: electrochemical impedance spectroscopy (EIS), electrospray, hydrophobic polyaniline (PANI), membrane distillation,
polytetraﬂuoroethylene (PTFE), superhydrophobic, wetting detection

1. INTRODUCTION
Desalination and water reclamation have become indispensable
components of urban water supplies in many regions around
the world to address growing water scarcity concerns.1 These
processes rely on traditional thermal and membrane-based
technologies, which have both been found to have high energy
requirements.2−5 At the same time, membrane-based desalination technologies like reverse osmosis (RO) are ineﬃcient as
they have diﬃculty in producing water from highly
concentrated saline wastewater due to high osmotic pressure.6
Membrane distillation (MD) has emerged as an attractive
thermal desalination technology due to its ability to overcome
these limitations.7−12
MD’s unique operating characteristics, such as low temperature, reduced hydrostatic pressure, low mechanical constraints, and high rejection performance, make it an attractive
process for commercial application.13−16 The nonisothermal
working principle of MD, which is governed by the diﬀerence
in temperature between the feed and permeate, utilizes the
vapor pressure gradient instead of the concentration/pressure
gradient as the driving mechanism for the separation of water
molecules.17 MD utilizes a hydrophobic membrane as a
© 2021 American Chemical Society

separating medium between the hot feed and cold permeate,
which allows only water vapors to pass through the membrane
pores and inhibits permeation of the liquid feed.18,19
Therefore, the prevention of the pore wetting, in which feed
liquid permeates the membrane’s pores, is signiﬁcant in
preserving stable performance with acceptable permeate
quality.8,12,20
Generally, the wetting process can be divided into three
stages: surface wetting, partial pore wetting, and full or
complete wetting.21 The occurrence of partial wetting may
impact the process by aﬀecting the thermal conductivity of the
membrane, interfering with the driving mechanism and
reducing permeate ﬂux. Complete wetting consequently leads
to the intrusion of the feed into the permeate side due to the
elimination of the hydrophobic barrier, reducing rejection
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novelty in the systematic study and detection of membrane
wetting with low surface tension saline feeds by allowing for
detection of diﬀerent wetting states prior to system failure.

performance. During MD operations, the presence of
amphiphilic substances (i.e., surfactants and proteins) and
low surface tension compounds in the feed makes hydrophobic
membranes vulnerable to wetting.22,23 In addition, the
crystallization of minerals in pores,24,25 the presence of
antiscalants in the feed, and the chemical degradation of the
membrane have also been reported to encourage membrane
wetting.26
Monitoring the conductivity of the permeate is one of the
widely used methods to detect wetting.27,28 Despite its ease
and prevalent use, this approach can only detect wetting after
inﬁltration of pores and failure of the overall system.29
Recently, the application of an electric current across a
conductive MD membrane was reported as an alternative
method for wetting detection.30 However, this approach is still
unable to detect imminent wetting of any pores that have not
yet been wicked through. Still, this approach has been reported
to be more sensitive than measuring permeate conductivity for
monitoring the onset of wetting.
Electrochemical impedance spectroscopy (EIS) has been
reported to be a versatile tool for probing the magnitude and
phase of the electrochemical impedance of a system. EIS
measures the electrical response of a system by employing
alternating potentials with a large spectrum of frequencies.31 A
number of studies have demonstrated the application of EIS
for the monitoring of fouling in membrane-based processes
such as reverse osmosis, forward osmosis, and microﬁltration.32−35 In addition, the use of EIS has been reported
to measure the wetting state of textured surfaces, utilizing
impedance variations that occur when the grooves of a rough
surface are ﬁlled with an electrolyte solution or air.36−38
Similarly, the application of EIS in constructing novel
porometry to characterize pore size distribution of microporous membranes has also been found to be eﬀective.39
Despite these widespread applications, the potential of EIS in
MD to establish the various stages of wetting and subsequent
prevention strategies has not been explored rigorously.
In this study, a commonly used hydrophobic polyvinylidene
ﬂuoride (PVDF) polymer was used to fabricate a porous MD
membrane via the phase inversion method. An ethanol and
water (1:1) mixture was used as a nonsolvent coagulant bath to
fabricate membranes. However, as PVDF is not conductive,
EIS cannot detect the real-time intrusion of ionic water across
the PVDF membrane. Wetting can be only monitored once the
pores have become completely wetted and the ionic solution
has penetrated to the permeate side. Therefore, a conductive
polymer, polyaniline (PANI), was sandwiched in-between
nonconductive PVDF layers during fabrication to facilitate the
monitoring of the various stages of wetting and detect the
progression of feed water inside the membrane pores by EIS. A
copper (Cu) mesh was used as an electrode, placed over the
membrane surface in the feed side. Since PANI is a conductive
polymer, it was used as an opposite electrode during the
impedance study. Further, to enhance the hydrophobicity of
the PVDF-PANI membrane, a polytetraﬂuoroethylene (PTFE)
dispersion was electrosprayed on the membrane surface. The
fabricated membranes were then tested with low surface
tension feeds of various strengths in direct contact membrane
distillation (DCMD) coupled with EIS. Finally, distilled (DI)
water ﬂushing was periodically introduced based on the
established wetting pattern to prevent membrane wetting with
low surface tension feeds and operate the DCMD process for a
longer duration. Hence, this study represents a signiﬁcant

2. MATERIALS AND METHODS
2.1. Materials and Chemicals. Polyvinylidene ﬂuoride (PVDF;
Mw = 530,000 g mol−1; brand, Sigma-Aldrich) was dissolved in N,Ndimethylformamide (DMF; >99% pure; brand, ACROS) for
application in the phase inversion process. Acetone (certiﬁed ACS
grade; >99.5%; brand, Sigma-Aldrich) mixed with DI water was used
as the coagulation bath solvent during the phase inversion process.
Polyaniline (emeraldine salt, PANI, Sigma-Aldrich) was used as a
conductive hydrophobic polymer, which served as an electrode, and a
Cu mesh (pore size of 35 μm × 35 μm approximately) as an opposite
electrode was used during the EIS study. Nonwoven polypropylene
(PP) sheets (Novatex 2471, Freudenberg) were used as the support
layer during membrane fabrication. Polytetraﬂuoroethylene preparation (PTFE; 60 wt % dispersion in H2O; brand, Aladdin) solution was
used in the electrospraying process. Finally, saline feed water with low
surface tension was prepared by dissolving NaCl (Sigma) and
diﬀerent amounts of sodium dodecyl sulfate (SDS, ACS reagent,
≥99.0%) in DI water for the DCMD study. An AutoLAB
potentiostat/galvanostat (PGSTAT302N) with Nova 2.1 software
was used to measure the impedance of membranes. Commercial
PVDF membranes (Durapore, 0.45 μm pore size, HVHP, Merck
Millipore) were used as a control to compare labmade membrane
performances.
2.2. Membrane Fabrication. The PVDF and PANI polymers
were dissolved in the DMF solvent separately at diﬀerent fractions, as
presented in Table 1, under strong stirring at approximately 60−65

Table 1. Ingredients and Composition of the Dope Solution
PVDF dope solution
membrane type
12%
12%
12%
15%
15%
15%
18%
18%
18%

PVDF−1%
PVDF−3%
PVDF−5%
PVDF−1%
PVDF−3%
PVDF−5%
PVDF−1%
PVDF−3%
PVDF−5%

PANI
PANI
PANI
PANI
PANI
PANI
PANI
PANI
PANI

PANI dope solution

PVDF (g)

DMF (g)

PANI (g)

DMF (g)

1.2
1.2
1.2
1.5
1.5
1.5
1.8
1.8
1.8

8.8
8.8
8.8
8.5
8.5
8.5
8.2
8.2
8.2

0.1
0.3
0.5
0.1
0.3
0.5
0.1
0.3
0.5

9.9
9.7
9.5
9.9
9.7
9.5
9.9
9.7
9.5

°C until the polymers were completely dissolved. Further, the dope
solutions were kept idle for 24 h without any mixing at the same
temperature range to discharge any captured air bubbles. Numerous
fabrication attempts were performed to achieve the desired layer-bylayer PVDF-PANI membrane with the desired water repellency,
acceptable pore size, and distribution. As illustrated in Figure 1, the
supporting PP layer was ﬁxed to a glass plate with the help of adhesive
tape, and the initial bottom PVDF layer, approximately 80−100 μmthick, was casted with a doctor’s blade ﬁlm applicator.
After casting, the glass plate was immersed in a nonsolvent bath
prepared with absolute ethanol and DI water (1:1 ratio) for 3 h.
Ethanol was used because of its ability to form a well-interlinked
semicrystalline membrane structure as stated by various research
groups.40,41 In the nonsolvent bath, the polymer phase separates and
solidiﬁes to form a thin porous membrane. Then, the membrane with
a glass plate was gently washed with DI water and placed overnight in
an ambient environment for complete drying. After drying, the
intermediate PANI layer, which was 40−50 μm-thick, was casted, and
the same procedure of the coagulation bath and drying was repeated.
Upon drying completely, the ﬁnal 100−110 μm-thick PVDF layer was
casted, and the coagulation and drying process was repeated.
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Figure 1. Illustration of the phase inversion membrane fabrication steps adopted. (1) Nonwoven support on a smooth glass plate, (2 & 3) before
and after casting the polymeric layer, (4) immersion in an ethanol-DI water coagulation bath for 3 h, and (5) resulting or ﬁnal membrane after
complete drying.

Figure 2. Connection setup for measuring impedance with the help of a potentiostat.
The surface of the labmade PVDF-PANI conductive membrane
was electrosprayed with an aqueous dispersion of PTFE. The optimal
electrospraying conditions were found to be an applied negative
voltage of 5 kV, a positive voltage of 8 kV, and an 8 cm distance
between the needle and the rotating drum. The prepared membranes
were then dried overnight at 60 °C for 24 h.
2.3. Membrane Characterizations. 2.3.1. Liquid Entry
Pressure, Pore Size, Porosity, Hydrophobicity, Surface Roughness,
and Energy. The liquid entry pressure (LEP) and details of the
membrane pore sizes were assessed using a porometer (brand,
PoroLux, Germany). The governing equation for LEP was adopted as
shown in eq 1 below.42
LEP = ΔPinter =

ε=

(2)

where ε is the porosity of the membrane, W1 is the weight of a
membrane in the wet state (g), W2 is the weight of a membrane in the
dry state (g), D1 is the density of 1-butanol (g m−3), and D2 is the
density of the polymer (g m−3). The roughness of the membranes was
precisely determined by optical proﬁler images (Veeco/Wyko
NT9300).
2.3.2. Membrane Surface Morphology, Layer Composition,
Stability, Durability, and Thermal Conductivity. Morphologies of
the membranes were investigated in detail by a scanning electron
microscope (FEI/Philips XL30 ESEM FEG). Samples were prepared
by coating with gold and palladium for 20 s. Further, the presence of
diﬀerent chemical constituents in the diﬀerent membranes was
detected by Fourier transform infrared spectroscopy (FTIR) analysis
and X-ray diﬀraction (XRD). FTIR was conducted in attenuated total
reﬂectance (ATR) mode with PerkinElmer Spectrum (50 scans, 400−
4000 cm−1 range, and 2 cm−1 resolution). Diﬀerent peaks with respect
to respective chemical groups were examined in XRD (X’Pert3
Powder, PANalytical, Netherlands) spectra, which were run with Cu
Kα radiation at 40 kV/40 mA. In order to investigate the chemical
stability of the PANI sandwiched membrane, the membrane was
immersed in acidic and basic solutions, with a pH of 3 and 11,
respectively, for 2 h. Further, to test mechanical durability, the
membrane was sonicated for 1 h (Ultrasonic processor FS-250 N).

− 2· B · γL· cos θ
rmax

W1 − W 2
D1
W1 − W 2
W2
+ D2
D1

(1)

where B is the geometric factor that is assumed as unity for cylindrical
pores, γL is the surface tension of the feed water (N m−1), cos θ is the
contact angle (CA, degree), and rmax is the maximum pore size (m).
The membrane was submerged in a wetting agent for testing (poreﬁl,
wetting ﬂuid; surface tension, 16 mN m−1). Hydrophobicity and
surface energy of the membranes were evaluated by a KRÜ SS CA
machine (ADVANCE 1.9.2.3 version, Germany) as described in our
previous work.43 The porosity of the membranes was assessed by the
following equation (eq 2).
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membrane active area (18 mm × 55 mm), the water ﬂux was
estimated based on the following equation (eq 3).

Upon completion of each experiment, the membranes were dried, and
then, the water CA was measured.
Thermal conductivity was measured with the assistance of a
nondestructive C-Therm TCi Thermal Analyzer instrument as per
ASTM D7984. Measurements were done at ambient temperature
(20.5 °C). The membrane was kept over the circular heat reﬂectance
sensor, encircled with a guarded ring. An insulator block was placed
over the sample membrane, and a 500 g weight was placed on the top
of the insulator to facilitate complete contact between the sensor and
the membrane. The heat source from the sensor to the membrane
facilitates measurement of the membrane’s thermal conductivity.
Samples for the thermal analysis were prepared by placing ten
membranes ﬁxed together over the sensor.
2.4. Advance Membrane Wetting Detection by Electrochemical Impedance Spectroscopy. While membrane wetting
consists of diﬀerent stages (i.e., surface wetting, partial wetting, and
complete or full wetting), only the complete wetting can be detected
by conventional permeate side conductivity measurements. To
overcome this limitation, we have applied electrochemical impedance
spectroscopy (EIS). EIS was performed with the assistance of a
potentiostat (Metrohm Autolab), and the detailed procedure is
described in the Supporting Information (Section 1). In this
experiment, the impedance was recorded against a period of time in
a single frequency measurement (100 kHz) with the Nova 2.1
program. Moreover, the current employed ranged from 1 nA to 1 A. A
copper (Cu) mesh was used as the electrode, and full schematic
connection details are presented in Figure 2.
2.5. Direct Contact Membrane Distillation (DCMD). The
experimental setup consisted of gear pumps (one each for the
permeate and feed), feed and permeate containers, liquid conveyance
connections, and the DCMD module with hydrophobic membranes
for separating the feed and permeate. The hot feed (60 ± 0.5 °C) and
cold permeate (20 ± 0.5 °C) were at a ﬂow rate of 30 L h−1. A Cu
mesh was used as the electrode and placed over the membrane inside
the module and connected to the potentiostat station to measure
electrical impedance as shown in Figure 3. The feed water was

J=

ΔW
A ·Δt

(3)
−2

−1

where J is the permeate volume ﬂux (L m h ), ΔW is the interval
permeate volume (L), A is the surface area of the membrane (m2),
and Δt is the interval time (h).

3. RESULTS AND DISCUSSION
3.1. Membrane Characterization: Liquid Entry Pressure, Pore Size, Porosity, Average Surface Roughness,
and Hydrophobicity. In practice, the morphology and
characteristics of membranes fabricated by phase inversion
are largely inﬂuenced by the coagulation bath. Due to the low
diﬀerence in solubility between DMF and the ethanol−water
bath, the mixing of DMF with the coagulation bath solution is
faster, reducing the polymer precipitation rate. In the case of
the ethanol−water coagulation bath, solid−liquid demixing
(referred to as the crystallization process) is the key driving
process along with slow liquid−liquid demixing. 41 As
presented in Table 1, diﬀerent concentrations of PVDF and
PANI were used to fabricate membranes as per the procedure
illustrated in Figure 1. After a thin PVDF layer was initially
casted, a second coating of PANI was casted after drying to
trigger the conductive property, which was then sealed
completely in a PVDF layer. Membrane characterization was
performed to determine the optimized conditions as shown in
Table 2.
Membrane morphology is mainly a result of liquid−liquid
and solid−liquid demixing, crystallization, and controlled
precipitation. The formation of crystals during solid−liquid
demixing is mainly due to high chain mobility and a decrease
in entanglement, which leads to the formation of great voids in
the polymer’s surfaces and wide pores. Therefore, a low
concentration of PVDF (12%) was able to form integrated
polymeric membranes but at the cost of large pores, low LEP
(∼0.35 bars), and negligible hydrophobicity (∼91°), making
these membranes unsuitable for MD applications. The higher
viscosity of the PVDF dope solution and its entanglement were
the cause of this crystallization. Increasing the PVDF
concentration to 15% created a more interconnected and
smaller crystalline structures resulting in a smaller pore size
and thus an increasing trend in the LEP (∼1.3 bars), and rising
hydrophobicity (∼112°) was observed, which is in line with
other research ﬁndings.40 The mean average pore size (∼0.44
μm) and the largest pore size (∼0.54 μm) showed a decreasing
and controlled trend with the 15% PVDF concentration, which
was attributed to the formation of signiﬁcantly more wellconnected smaller crystalline structures. As stated by Pagliero
et al. (2020), beyond the critical concentration of PVDF, i.e., at
higher wt % and high viscosity, the mobility of the chains
becomes restricted, resulting in the formation of small
spherulites even though there are many nuclei.40 The
morphology of the membranes was mainly attributed to this
crystallization mechanism.
The highest PVDF concentration of 18% resulted in inferior
membrane characteristics, such as a low water CA (∼100°),
porosity (∼71%), and smaller pore size (∼0.31 μm).
Compared to 18% PVDF, 15% PVDF exhibited more favorable
characteristics, which made it the ideal polymer concentration
for fabricating membranes with higher porosity and water
contact angle. Among all combinations, the 15% PVDF−3%

Figure 3. DCMD setup with a potentiostat for the impedance tests.

prepared with 3.5% NaCl with DI water, and surface tension of the
feed was reduced by adding SDS (0.05 mM) at hourly periods during
MD operation. During DCMD operation, a computer program
(Cybercomm 2700) connected to the conductivity sensor (PC2700,
unit μS cm−1 or mS cm−1) was used to record real-time conductivity
on the permeate side. A rise in conductivity and a decrease in
impedance are signs of the membrane wetting process since the feed
water contains a very high salt concentration. Changes in permeate
water over a period of time were recorded with a computer program
(RsKey 5.40, A&D Company, Limited), which can then be easily
incorporated to an Excel ﬁle. Based on changes in the permeate and
682
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Table 2. Characteristics of the Commercial PVDF and Labmade Phase Inversion PVDF-PANI Conductive Membranes
membrane type
C-PVDF
12% PVDF−1%
12% PVDF−3%
12% PVDF−5%
15% PVDF−1%
15% PVDF−3%
15% PVDF−5%
18% PVDF−1%
18% PVDF−3%
18% PVDF−5%

PANI
PANI
PANI
PANI
PANI
PANI
PANI
PANI
PANI

mean pore size (μm)

largest pore size (μm)

LEP (bar)

porosity (%)

water CA (°)

0.46 ± 0.03
0.61 ± 0.05
0.60 ± 0.03
0.61 ± 0.07
0.44 ± 0.02
0.44 ± 0.04
0.45 ± 0.06
0.31 ± 0.03
0.31 ± 0.09
0.31 ± 0.06

0.55 ± 0.01
0.78 ± 0.04
0.79 ± 0.03
0.81 ± 0.08
0.54 ± 0.04
0.53 ± 0.08
0.55 ± 0.04
0.42 ± 0.02
0.42 ± 0.03
0.42 ± 0.05

0.57 ± 0.1
0.34 ± 0.1
0.35 ± 0.1
0.35 ± 0.3
1.27 ± 0.2
1.41 ± 0.5
1.32 ± 0.3
1.44 ± 0.2
1.52 ± 0.1
1.53 ± 0.5

59.3 ± 0.3
66 ± 0.5
68 ± 0.4
71 ± 0.7
72 ± 0.2
76 ± 0.8
77 ± 0.3
71 ± 0.5
71 ± 0.7
71 ± 0.3

110.1 ± 1.9
91.1 ± 2.1
91.9 ± 1.2
91.7 ± 3.1
110.9 ± 2.8
112.0 ± 1.1
111.9 ± 2.2
100.7 ± 1.8
101.8 ± 4.1
101.3 ± 2.3

high water ﬂux.44 While the layer-by-layer membrane
fabricated by phase inversion was able to achieve hydrophobicity (water CA, ∼112°), superhydrophobicity was
obtained after electrospraying with the PTFE dispersion
solution at optimized operating conditions as illustrated in
the experimental section. FE-SEM images of the diﬀerent
membranes are presented in Figure 5. The commercial PVDF
membrane (thickness, 97 ± 3 μm) possessed a microporous
structure as shown in Figure 5A, and during the impedance
study, a Cu mesh (Figure 5B) was used as an electrode. As per
the SEM morphology, the pore size of the Cu mesh was
approximately 35 μm × 35 μm, which was nearly 100 times
bigger than the fabricated membranes and was therefore
considered to be a negligible inﬂuence on water vapor
transportation.
The morphology of the optimized porous phase inversion
15% PVDF−3% PANI sandwiched conductive membrane was
observed to possess an even distribution of pores (Figure 5C).
The pores were formed over the membrane’s surface due to
the crystallization process followed by liquid−liquid demixing
with the ethanol−water coagulation bath. Further, the
membrane surface was modiﬁed via electrospraying technology
to enhance the hydrophobicity and antiwetting ability. The
electrosprayed PTFE was responsible for a rise in water CA
(159.7 ± 2.1°) as shown in Figure 4 and an increase in LEP
(1.67 ± 0.3 bars) and acceptable parameters like porosity (75
± 0.4%), thickness (230 ± 5 μm), average mean pore size
(0.38 ± 0.05 μm), and largest pore size (0.46 ± 0.03 μm).
Surface modiﬁcation with PTFE also increased the roughness
due to the formation of microspheres over the PVDF surface as
presented in the SEM images (Figure 5D,E).
The electrosprayed PTFE microspheres mimicked a
hillock−valley-like re-entrant morphology over the surface of
the 15% PVDF−3% PANI phase inversion membrane, which
imparted it with low surface energy, which contributed to the
superhydrophobic nature with a stable Cassie−Baxter (CB)
state of antiwetting.43 The diﬀerent layers were clearly visible
in the cross-sectional image of the membrane (Figure 5F)
where the ﬁrst thin layer was casted with 15% PVDF over the
supporting PP sheet followed by the very thin second layer of
3% PANI, which gave the emergent conductive property.
Thereafter, the membrane was again casted with a relatively
thick 15% PVDF layer to avoid direct contact of the feed with
the PANI layer, and ﬁnally, the surface was modiﬁed by PTFE
electrospraying.
The resultant layer-by-layer PANI-PVDF membrane possesses a narrow pore size distribution, higher LEP, and
porosity, which makes these membranes ideal candidates for
MD application. Moreover, successful integration of the

PANI membrane presented superior characteristics in terms of
the mean pore size (0.44 ± 0.04) and largest pore size (0.53 ±
0.08), porosity (76 ± 0.8%), LEP (1.41 ± 0.5 bars), and water
CA (112.0 ± 1.1°). The intermediate PANI layer, i.e.,
sandwiched between the nonconductive PVDF layers, had
negligible inﬂuence on the pore size and contact angle in
general. However, 3% PANI coated over a 15% PVDF layer
oﬀered a high water CA (141.4°) as shown in Figure 4 due to
the hydrophobic nature of PANI, but the hydrophobicity
decreased after the nonconductive PVDF coating over the
PANI layer.

Figure 4. Average surface roughness and water contact angle for (1)
phase inversion PVDF, (2) PANI coated over PVDF, (3) PVDF layer
over PANI-PVDF, and (4) PTFE electrosprayed over phase inversion
PVDF-PANI-PVDF membranes.

Surface roughness of the 15% PVDF membrane was
recorded as the lowest (0.74 ± 0.09 μm); however, an
increase in roughness was observed (1.47 ± 0.18 μm) after
coating with 3% PANI. Similarly, an increasing trend in
hydrophobicity (water CA) was observed. An average
roughness of 1.38 ± 0.15 μm was observed for 3% PANI
sandwiched between 15% PVDF layers. Upon electrospraying
PTFE over the 15% PVDF−3% PANI sandwiched membrane,
the highest roughness (3.78 ± 0.23 μm) and superhydrophobicity (∼160°) were observed as presented in Figure
4.
3.2. Enrichment of Hydrophobicity and Roughness
by Electrospraying a PTFE Dispersion. During MD
operation, superhydrophobicity plays a key role in the
avoidance of membrane wetting as well as the production of
683
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Figure 5. FE-SEM images of (A) C-PVDF, (B) Cu mesh (approx. pore size, 35 μm × 35 μm; thickness, 57 μm), (C) phase inversion 15% PVDF−
3% PANI, and (D,E) electrosprayed PTFE dispersion over 15% PVDF−3% PANI and (F) cross-sectional image of 15% PVDF−3% PANI-PTFE
membranes.

sandwiched PANI layer was used as an opposite electrode,
which advanced the real-time early detection ability of wetting
intrusion across the membrane depth.
3.3. Chemical Composition, Stability, and Durability
of the Membranes. The electrosprayed PANI sandwiched
membrane exhibited strong chemical stability and mechanical
durability as no signiﬁcant hydrophobicity loss occurred, as

shown in Figure S2.The FTIR and XRD spectra of the PVDF,
15% PVDF−3% PANI, and electrosprayed PTFE over 15%
PVDF−3% PANI membranes are presented in Figures 6 and 7,
which further conﬁrmed the presence of the diﬀerent chemical
bands, as illustrated in Tables 3 and 4. The vibration for CF2
bending was detected at 505−636 cm−1 in FTIR. Meanwhile,
the α- and β-phases of PVDF were revealed at 1069 and 1279
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Table 4. Details of the XRD Patterns
2θ (degree)
17.5, 20.3, 25.1, and
26.28
∼19
∼21.6
31.6, 36.7, 50.1, and
56.3

Figure 7. XRD spectra of (A) PVDF, (B) 15% PVDF−3% PANI, and
(C) electrosprayed PTFE dispersion over 15% PVDF−3% PANI
membranes.

Table 3. Characteristic FTIR Transmittance Present in the
Spectrum of the Membranes

507−636
840
876
1069
1145, 1215
1170, 1180
1279
1402
1458
1480−1560

chemical bands

reference

CF2 bending vibration
β/γ-phase of PVDF
stretching bands of −CF groups
α-phase of PVDF
symmetrical and asymmetrical stretching of CF2
for the presence of PTFE
bands for −CF2 stretching and α-phase of PVDF
β-phase of PVDF
−CF stretching bands of PVDF
CH2 deformation vibrations due to the presence
of −CHF− and −CH2− groups after
membrane electrospraying with PTFE
characteristic peaks for PANI

45, 46
46−48
49
50
45

reference
56−58
59−62
62
63,64

cm−1, respectively. The α-phase of PVDF was also observed at
1180 cm−1. At 840 cm−1, the β/γ-phase of PVDF dominated.
The peaks at 1145, 1170, and 1215 cm−1 represented the
symmetrical and asymmetrical stretching of CF2 for the
presence of PTFE. The deformation of CF2 was shown at
1458 cm−1 for electrosprayed PTFE. However, the characteristic PANI peaks were observed at a wavelength of 1480−1560
cm−1. In the case of XRD, the PANI peaks were detected at
17.5, 20.3, 25.1, and 26.28°, whereas the PTFE peaks were
observed at 31.6, 36.7, 50.1, and 56.3°. The signiﬁcant peaks of
the α- and β-phases of PVDF were also observed at 19 and
21.6°, respectively.
3.4. In Situ Membrane Wetting Detection by
Impedance during DCMD Application. Wetting of
membranes was systematically investigated by employing EIS
and measurements of permeate side conductivity during
DCMD operation. The optimized PTFE electrosprayed over
15% PVDF−3% PANI membrane was used in the DCMD
operation as illustrated in Figure 3, in which a thin PANI layer
acted as an electrode and a Cu mesh as the opposite electrode.
Initially, the low surface tension feed was composed of 3.5%
NaCl in DI water with 0.05 mM SDS. The surface tension of
the feed water was further lowered by periodically adding 0.05
mM SDS after every 1 h of operation.
Using a C-PVDF membrane during the EIS-based wetting
detection study (Figure 8A), the initial impedance was
recorded as 7364.92 Ω. A slight decrease in impedance was
recorded after increasing the SDS concentration by 0.1 mM,
which is consistent with the occurrence of surface wetting.
Further increasing the SDS by 0.15 mM, a signiﬁcant drop in
impedance (6986.18 Ω) was clearly observed due to the
occurrence of partial wetting; however, there was no initial
detection by measuring the permeate conductivity. We can
judge the surface wetting stage by the observed decreasing
trend in impedance from 7021.57 to 6316.38 Ω (19.6% drop)
especially during 3600 to 7200 s, which was due to the
decrease in resistance. This is because the impedance is a
measure of the resistance to the ﬂow of a current (ﬂow of
electrons) when voltage (electrical pressure) is applied to a
circuit; as soon as the surface wetting occurs, there will be a
decrease in the impedance. After reaching the partial wetting
stage as detected by the impedance (∼25% overall drop), a
change in permeate conductivity was recorded after approximately 9890 s. Further, a sudden and large drop in impedance
(∼352.13 Ω) was observed after adding 0.2 mM SDS, which
was attributed to the start of complete or full wetting, and
within a fraction of minutes, there was no impedance recorded.
Application of EIS was able to detect partial wetting tentatively
2200−3600 s prior to complete or full wetting for the C-PVDF
membrane. The ﬂux (17.78 LMH) was virtually stable at
concentrations from 0.05 to 0.15 mM of SDS, but it showed a
slightly declining trend after 0.15 mM SDS.
The PANI polymer layer was incorporated in between the
PVDF layers due to its conductive nature, which has the ability

Figure 6. FTIR spectra of (A) PVDF, (B) 15% PVDF−3% PANI, and
(C) electrosprayed PTFE dispersion over 15% PVDF−3% PANI
membranes.

wavenumbers
(cm−1)

peaks
characteristics peaks for hierarchical
PANI
α-phase of PVDF
β-phase of PVDF
characteristics peaks for electrosprayed
PTFE

49, 51
46, 52
53
54
55
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Figure 8. Impedance, permeate conductivity, and water ﬂux of (A) C-PVDF and (B) electrosprayed PTFE dispersion over 15% PVDF−3% PANI
membranes under feed conditions of 3.5 wt % NaCl solution with diﬀerent concentrations of SDS (0.1−0.65 mM).

Figure 9. (A) Surface energy and thermal conductivity of PVDF, PVDF-PANI, and electrosprayed PTFE membranes. (B) Diﬀerent stages of
membrane wetting during MD operation and the detection mechanism for conductive hydrophobic membranes.

to detect the advanced pore wetting stage as shown in Figure
9B (Stage III) in the presented PVDF-PANI membrane. In
addition, PANI is hydrophobic in nature, which increases the
water contact angle as shown in Figure 4. A strong wetting

resistance was observed in the case of the PTFE electrosprayed
15% PVDF−3% PANI membrane (Figure 8B). The membrane
was found to have an initial impedance of around 5267.86 Ω.
Initially, surface wetting was noticed at around 14,270 s (>0.25
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Figure 10. Membrane wetting detection study with a low surface tension saline feed, composed of 0.15 mM SDS and 3.5 wt % NaCl solution for
(A) C-PVDF membrane without ﬂushing and (B) C-PVDF with DI water ﬂushing for 10 min in every 5 h cycle for 24 h to avoid complete wetting.

complete or full wetting (Stage IV), that hinders the wide
application of MD technology. Surface-modiﬁed membranes
generally presented a relatively higher wetting resistance, as
shown in this study (Figure 8B). As per the literature, the
surface tension of brine waste as well as wastewater is generally
higher than 55 mN m−1.65,66 Therefore, commercial PVDF
membranes, which are susceptible to wetting with a low surface
tension saline feed composed of 3.5% NaCl and 0.10−0.15
mM SDS (∼47 mN m−1), have been considered in this study.
During DCMD operation using a C-PVDF hydrophobic
membrane (Figure 10A), the EIS study presented the surface
wetting stage in between 10,453 and 18,138 s (2.90−5.04 h)
due to a drop in impedance by ∼36.6%. A continuous and
sharp decrease in impedance (∼64%) was observed after
41,008 s (11.39 h) of operation, which was attributed to the
starting of partial wetting, and by 24 h, the impedance was
reduced to 91%, i.e., the full wetting stage.
Permeate conductivity was also observed to slightly rise
during the surface and partial wetting stage, reaching above 20
μS m−1 after the start of full wetting. Initially, ﬂux was nearly
17.35 LMH, which continuously decreased to 9.07 LMH at
23,600 s (6.56 h). Unstable as well as negative permeate ﬂux
was observed after 69,000 s (19.17 h) of DCMD operation,
which showed the start of full membrane wetting. Negative ﬂux
was mainly attributed to the loss of membrane hydrophobicity
and the movement of permeate water toward the feed water
tank through the membrane pores under osmotic pressure. To
prevent membrane wetting and continue DCMD applications
for longer periods without sacriﬁcing permeate quality (Figure
10B), we adopted physical membrane cleaning by DI water
ﬂushing for a 10 min duration at a cross ﬂow rate of 60 L h−1 at

mM SDS concentration) with almost stable permeate
conductivity. When the feed surface tension was further
reduced by 0.45 mM SDS, a slight rise in permeate
conductivity (∼10 μS m−1) was observed. Partial membrane
wetting was noticeable between 39,648 and 43,196 s with a low
impedance of around 1976.78 Ω (∼63% drop). After 43,278 s
at 0.65 mM SDS, there was no value recorded for impedance,
which resembles Stage III of advanced partial wetting (Figure
9B), i.e., the ionic solution had completely touched the
intermediate PANI layer. Due to the presence of the
conductive PANI layer, Stage III of pore wetting was
instantaneously detected by EIS prior to reaching the complete
wetting (Stage IV). The trend in average ﬂux was stable but
relatively lower at around 12.35 LMH. Electrospraying with
PTFE enhanced hydrophobicity (∼160°) and reduced the
membrane surface energy (∼14 mN m−1) as shown in Figure
9A as well as wetting resistivity; however, a reduction in ﬂux
was observed due to the combined eﬀects of the membrane’s
thickness and relatively higher thermal conductivity (Figure
9A). The application of in situ EIS technology during MD
operation could determine the occurrence of various wetting
stages for the commercial PVDF and the labmade conductive
PTFE electrosprayed 15% PVDF−3% PANI membranes. This
demonstrates that EIS can provide an early alarm before the
occurrence of full membrane wetting, which was not possible
with conventional permeate conductivity detection methods.
3.5. Preventing Membrane Wetting for Low Surface
Tension Feed during MD Operation. In the previous
section, the diﬀerent stages of wetting were detected for each
membrane using EIS technology. Considering these results, a
strategy is necessary to overcome the major challenge, i.e.,
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5 h intervals. At the end of cycle 1 (initial impedance, 7425.42
Ω), i.e., after 5 h of operation, a 26% drop in impedance was
recorded. After DI water ﬂushing, a nearly 99.15% recovery of
impedance was observed. At the end of cycle 2, i.e., after 10 h,
a drop in impedance of 28.97% was recorded, while 93.5% of
impedance was recovered after ﬂushing. After cycle 3, a 24.3%
drop in impedance and a recovery of 91.6% were observed. A
28.6% impedance drop and 94.8% recovery were recorded after
cycle 4. During cycle 5, the impedance was presented as stable
initially; however, a slight decrease was observed after 24 h. In
the case of permeate conductivity, its value was below 4 μS
m−1 at the end of the 24 h continuous DCMD operation.
During cycles 1 and 2, the signiﬁcant early impedance drop
was attributed to the instigation of surface wetting; however, in
the case of cycle 3, surface wetting occurred during the end of
the cycle. Introduction of periodic ﬂushing with DI water was
able to alleviate the occurrence of signiﬁcant surface wetting in
the remaining cycles. It should also be noted that the average
water ﬂux (16.31 LMH) was observed to be stable during the
operation without undergoing any signiﬁcant changes.

Bhaskar Jyoti Deka − School of Energy and Environment, City
University of Hong Kong, Kowloon, Hong Kong SAR;
Department of Hydrology, Indian Institute of Technology
Roorkee, Roorkee 247667, India; orcid.org/0000-00024199-4713
Jiaxin Guo − School of Energy and Environment, City
University of Hong Kong, Kowloon, Hong Kong SAR
Pak Wai Wong − School of Energy and Environment, City
University of Hong Kong, Kowloon, Hong Kong SAR;
orcid.org/0000-0001-6345-004X
Noman Khalid Khanzada − School of Energy and
Environment, City University of Hong Kong, Kowloon, Hong
Kong SAR
Jehad A. Kharraz − School of Energy and Environment, City
University of Hong Kong, Kowloon, Hong Kong SAR
Chi-Wing Tsang − Faculty of Science and Technology,
Technological and Higher Education Institute of Hong Kong
(THEi), New Territories, Hong Kong SAR
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.0c00991

4. CONCLUSIONS
In this study, a hydrophobic membrane was fabricated by
sandwiching a thin conductive PANI layer between nonconductive PVDF layers by phase inversion, using a nonsolvent
coagulation bath of ethanol and DI water. Based on membrane
characteristics such as pore size, hydrophobicity, porosity, LEP,
etc., the optimized conﬁguration was found to be 3% PANI−
15% PVDF. Further, electrospraying with a PTFE dispersion
could increase hydrophobicity (water contact angle, ∼160°)
and reduce membrane surface energy (∼14 mN m−1). A
wetting detection study was conducted with EIS using SDS to
simulate low surface tension saline feeds. It was found that
cross-membrane impedance has the potential for in situ
monitoring and systematic detection of membrane wetting at
early stages. Our study revealed that measuring impedance can
preciously establish the various stages of wetting and their
transitions in advance, which is not feasible by traditional
methods, such as permeate conductivity, until complete pore
wetting has already occurred. Our experiments demonstrated
that membrane wetting could be prevented in its early stages,
which would allow for a longer duration of DCMD operation
by the simple incorporation of periodic DI water ﬂushing.
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Horváth, I. T.; An, A. K. Molecular Engineering Low-Surface Energy
Membranes by Grafting Perfluoro-Tert-Butoxy Chains Containing
Fluorous Silica Aerogels. Green Chem. 2020, 3283−3295.
(20) Hou, D.; Ding, C.; Fu, C.; Wang, D.; Zhao, C.; Wang, J.
Electrospun Nanofibrous Omniphobic Membrane for Anti-SurfactantWetting Membrane Distillation Desalination. Desalination 2019, 468,
114068.
(21) Rezaei, M.; Warsinger, D. M.; Lienhard, V. J. H.; Duke, M. C.;
Matsuura, T.; Samhaber, W. M. Wetting Phenomena in Membrane
Distillation: Mechanisms, Reversal, and Prevention; Elsevier B.V.: 2018;
Vol. 139, DOI: 10.1016/j.watres.2018.03.058.
(22) Lin, S.; Nejati, S.; Boo, C.; Hu, Y.; Osuji, C. O.; Elimelech, M.
Omniphobic Membrane for Robust Membrane Distillation. Environ.
Sci. Technol. Lett. 2014, 1, 443−447.
(23) Franken, A. C. M.; Nolten, J. A. M.; Mulder, M. H. V.;
Bargeman, D.; Smolders, C. A. Wetting Criteria for the Applicability
of Membrane Distillation. J. Membr. Sci. 1987, 33, 315−328.
(24) Hickenbottom, K. L.; Cath, T. Y. Sustainable Operation of
Membrane Distillation for Enhancement of Mineral Recovery from
Hypersaline Solutions. J. Membr. Sci. 2014, 454, 426−435.
(25) Nghiem, L. D.; Cath, T. A Scaling Mitigation Approach during
Direct Contact Membrane Distillation. Sep. Purif. Technol. 2011, 80,
315−322.
(26) Gryta, M.; Grzechulska-Damszel, J.; Markowska, A.; Karakulski,
K. The Influence of Polypropylene Degradation on the Membrane
Wettability during Membrane Distillation. J. Membr. Sci. 2009, 326,
493−502.
(27) Gryta, M.; Barancewicz, M. Influence of Morphology of PVDF
Capillary Membranes on the Performance of Direct Contact
Membrane Distillation. J. Membr. Sci. 2010, 358, 158−167.
(28) Gryta, M. Long-Term Performance of Membrane Distillation
Process. J. Membr. Sci. 2005, 265, 153−159.
(29) Chen, Y.; Wang, Z.; Jennings, G. K.; Lin, S. Probing Pore
Wetting in Membrane Distillation Using Impedance: Early Detection

Article

and Mechanism of Surfactant-Induced Wetting. Environ. Sci. Technol.
Lett. 2017, 4, 505−510.
(30) Ahmed, F. E.; Lalia, B. S.; Hashaikeh, R. Membrane-Based
Detection of Wetting Phenomenon in Direct Contact Membrane
Distillation. J. Membr. Sci. 2017, 535, 89−93.
(31) Kavanagh, J. M.; Hussain, S.; Chilcott, T. C.; Coster, H. G. L.
Fouling of Reverse Osmosis Membranes Using Electrical Impedance
Spectroscopy: Measurements and Simulations. Desalination 2009,
236, 187−193.
(32) Gao, Y.; Li, W.; Lay, W. C. L.; Coster, H. G. L.; Fane, A. G.;
Tang, C. Y. Characterization of Forward Osmosis Membranes by
Electrochemical Impedance Spectroscopy. Desalination 2013, 312,
45−51.
(33) Ho, J. S.; Sim, L. N.; Webster, R. D.; Viswanath, B.; Coster, H.
G. L.; Fane, A. G. Monitoring Fouling Behavior of Reverse Osmosis
Membranes Using Electrical Impedance Spectroscopy: A Field Trial
Study. Desalination 2017, 407, 75−84.
(34) Antony, A.; Chilcott, T.; Coster, H.; Leslie, G. In Situ
Structural and Functional Characterization of Reverse Osmosis
Membranes Using Electrical Impedance Spectroscopy. J. Membr. Sci.
2013, 425-426, 89−97.
(35) Sim, V. S. T.; Cen, J.; Chong, T. H.; Yeo, A. P. S.; Krantz, W.
B.; Coster, H. G. L.; Fane, A. G. Novel Monitors Enable Early
Detection of RO System Fouling. IDA J. Desalin. Water Reuse 2012, 4,
36−48.
(36) Tuberquia, J. C.; Nizamidin, N.; Jennings, G. K. Effect of
Superhydrophobicity on the Barrier Properties of Polymethylene
Films. Langmuir 2010, 26, 14039−14046.
(37) Escobar, C. A.; Zulkifli, A. R.; Faulkner, C. J.; Trzeciak, A.;
Jennings, G. K. Composite Fluorocarbon Membranes by SurfaceInitiated Polymerization from Nanoporous Gold-Coated Alumina.
ACS Appl. Mater. Interfaces 2012, 4, 906−915.
(38) Tuberquia, J. C.; Song, W. S.; Jennings, G. K. Investigating the
Superhydrophobic Behavior for Underwater Surfaces Using Impedance-Based Methods. Anal. Chem. 2011, 83, 6184−6190.
(39) Bannwarth, S.; Breisig, H.; Houben, V.; Oberschelp, C.;
Wessling, M. Membrane Impedance Porometry. J. Membr. Sci. 2017,
542, 352−366.
(40) Pagliero, M.; Bottino, A.; Comite, A.; Costa, C. Novel
Hydrophobic PVDF Membranes Prepared by Nonsolvent Induced
Phase Separation for Membrane Distillation. J. Membr. Sci. 2020, 596,
117575.
(41) Sukitpaneenit, P.; Chung, T.-S. Molecular Elucidation of
Morphology and Mechanical Properties of PVDF Hollow Fiber
Membranes from Aspects of Phase Inversion, Crystallization and
Rheology. J. Membr. Sci. 2009, 340, 192−205.
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